In zebrafish, during dark adaptation following bright light adaptation, the dominance of electroretinogram (ERG) b-and dwaves switches. In the early dark adaptation, when visual sensitivity is cone-dominant, both the b-and d-waves are readily recorded. In the late dark adaptation, along with the increase of rod sensitivity, the b-wave becomes dominant whereas the d-wave is gradually lost. The time for the ERG b-and d-wave dominance transition varies between the day and night. The transition requires a longer amount of time in the night and early morning than in the afternoon. This pattern of timing for ERG b-and d-wave dominance transition persists in constant light and can be reversed after exposure to a reversed light-dark cycle. The data suggest that the transition of the dominance of ERG b-and d-waves is regulated by an endogenous circadian clock.
Introduction
Some visual behaviors such as photoreceptor cell disk shedding and assembling (Bassi & Powers, 1990; Besharse & Hollyfield, 1979; LaVail, 1976; Young, 1978) , opsin gene expression (Korenbrot & Fernald, 1989) , behavioral sensitivity (Li & Dowling, 1998) , and rodcone dominance (Manglapus, Uchiyama, Buelow, & Barlow, 1998; Wang & Mangel, 1996) , display robust day-night rhythms. In goldfish, for example, the light response of L-type horizontal cells is cone-dominant in the day and rod-dominant at night. This pattern of rodcone dominance persists in constant dark, suggesting that an endogenous circadian mechanism is involved (Wang & Mangel, 1996) . The circadian rhythm of rodcone dominance can also be measured by ERG. In quails, ERG sensitivities are cone-dominant in the day and rod-dominant at night (Manglapus et al., 1998) .
This pattern of rod-cone dominance persists in constant dark and can be phase-shifted by light and dopamine (Manglapus, Iuvone, Underwood, Pierce, & Barlow, 1999; Manglapus et al., 1998) .
By recording ERGs, vertebrate visual sensitivity can be quantitatively analyzed (Brockerhoff et al., 1995; Brown, 1968; Dowling, 1987; Li & Dowling, 1998; Saszik, Bilotta, & Givin, 1999) . In response to short flashes, ERG consists of two prominent waveforms, a bwave (in response to stimulation onset) followed by a dwave (in response to stimulation offset). The b-wave is raised from potassium currents across the membranes of the ON bipolar cells and M€ uller cells (Dowling & Ripps, 1970; Miller & Dowling, 1970; Newman, 1980 Newman, , 1984 Shiells & Falk, 1999; Stockton & Slaughter, 1989) . Some ionic activities across the membranes of the amacrine and ganglion cells can contribute as well (Awatramani, Wang, & Slaughter, 2001; Dong & Hare, 2000) . The d-wave, on the other hand, is believed to be generated from cone-driven post-photoreceptor cells, such as the OFF bipolar cells (Stockton & Slaughter, 1989; Wong, Cohen, Adolph, & Dowling, 2000) . Both the band d-waves can be readily recorded, depending on the intensity of stimulation and adaptation conditions. In zebrafish, for example, in the early dark adaptation following bright light adaptation, both the b-and dwaves are recorded in response to short flashes. During this time, the amplitudes for the b-and d-waves are similar. In the late dark adaptation, along with the increase of rod sensitivity, ERG undergoes rapid waveform changes, i.e., the amplitude of the b-wave increases and the amplitude of the d-wave decreases. In some cases, the d-wave completely diminishes. The mechanism that underlies ERG b-and d-wave dominance transition is not fully understood. The transition may be due to an alternation of the dominance of rod-cone contribution to ERG sensitivity. During dark adaptation, for example, visual sensitivity is dominated early by cones and late by rods. It has been suggested that in the zebrafish, during the transition from light to dark adaptation, the b-wave represents the function of both the rod and cone systems. The d-wave, on the other hand, represents mainly, if not exclusively, cone functions (Ren & Li, 2004) .
The time for ERG b-and d-wave dominance transition varied between the day and night. In the present study, we examined whether an endogenous circadian mechanism is involved in the regulation of the timing for ERG b-and d-wave dominance transitions during dark adaptation. Full-field ERGs were recorded at different times in the day and night. In a normal light-dark (LD) cycle, during dark adaptation following bright light adaptation, the ERG b-and d-wave dominance transition occurs rapidly in the late afternoon, but slowly in the night and early morning. This pattern of timing for ERG b-and d-wave dominance transition persists in constant light (LL) and can be phase-shifted after exposure to a reversed LD cycle, suggesting that an endogenous circadian mechanism is involved.
Materials and methods

Animals and maintenance
Zebrafish (Danio rerio) were maintained as described (Westerfield, 1995) . Normally, the zebrafish were kept in a 14:10 light-dark cycle (room fluorescent light, 6 a.m.-8 p.m.). For LL experiments, the fish were removed from LD in the late afternoon the day before the experiment, and thereafter kept in LL. Reversed LD experiments were carried out using the zebrafish that were kept in a reversed LD cycle (light, 8 p.m.-10 a.m.) for 2 weeks. Zebrafish used in this study were between 4 and 10 months of age.
ERG recordings and data analysis
Zebrafish was anesthetized by amino benzoic methylester (4% stock solutions, diluted in regular tank water, 1:25) and immobilized by abdominal injections of gallamine triethiodide (1% stock solutions, 1-2 ll). The fish was placed on its side on a sponge with one eye facing toward a light source (tungsten white light; Oriel Instruments, CT). The maximum light intensity measured in front of the recording eye after a mirror system was log 0 ¼ 120 lW/cm 2 . A slow stream of tank water was directed into the mouth of the fish to keep the fish oxygenated. ERGs were recorded using a glass pipette filled with balanced salt solution placed on the surface of the cornea. Electrical signals were filtered at a bandwidth of 1-300 Hz.
Prior to ERG measurements, the fish were light adapted for 10-15 min (log I ¼ À1:0, the same light source described above). During subsequent dark adaptation, ERGs were recorded in response to 2-s-long white flashes, log I ¼ À3:0. This is about 3 log units above the absolute visual threshold level of the zebrafish, at which level both the rod and cone signals can be recorded (Ren & Li, 2004) . Under this level of stimulation, the b-wave returned to the base line within 2 s after the light onset. Thus, in response to light termination the d-wave could be readily measured. ERGs were recorded at 2-min intervals, which began after 2 min of dark adaptation and completed at 60 min. We averaged three responses to increase the response/noise ratio. The stimuli were delivered at 10-s intervals. For each experiment, we recorded ERGs from eight zebrafish. We plotted the amplitude of the b-and d-waves as a function of the time of dark adaptation. We used these curves to determine the time of dark adaptation at which the b-wave achieved amplitude of 100 lV and the d-wave decreased to 10 lV (or the lowest value if the dwave was greater than 10 lV during the entire 60 min of dark adaptation). The dynamics of the ERG b-and dwave dominance transition were evaluated by dividing the amplitude of the b-wave by the d-wave ðR b=d Þ.
Results
ERG b-and d-wave dominance transition occurs rapidly in the afternoon and slowly in the night and early morning
During dark adaptation following bright light adaptation, the zebrafish ERG undergoes rapid waveform changes, i.e., the amplitude of the b-wave increases whereas the amplitude of the d-wave decreases. The time for ERG b-and d-wave dominance transition varies between the day and night (Fig. 1) . In the early morning (4 a.m.), after 2 min of dark adaptation both the ERG b-and d-wave were recorded. The amplitudes for the band d-waves were similar. In the late dark adaptation, the b-wave increased whereas the d-wave decreased. After 40 min of dark adaptation, the b-wave increased to 80 lV, whereas the d-wave decreased to about 10 lV.
In the late afternoon (7 p.m.), the b-wave increased rapidly. After 40 min of dark adaptation, the b-wave increased to about 200 lV. The d-wave decreased in a similar fashion in the early morning and in the late afternoon (Fig. 1A) .
To evaluate quantitatively the course of ERG b-and d-wave dominance transition, we measured the time of dark adaptation when the b-wave increased to 100 lV and the time when the d-wave declined to 10 lV. In the morning (7 a.m.), the time required to increase the bwave to 100 lV was 35 ± 6 min. The time period for the b-wave to increase to 100 lV shortened in the midmorning and early afternoon. At 1 p.m., the time to increase the b-wave to 100 lV dropped to 21 ± 3 min. At 7 p.m., it dropped to 18 ± 3 min (the lowest value). Shortly after 7 p.m., the time to increase the b-wave to 100 lV increased. By 7 a.m. of the second day, the time required to increase the b-wave to 100 lV increased to 35 ± 7 min (Fig. 1B) . The time required to decline the dwave to 10 lV fluctuated randomly between the day and night, which was about 50 min (Fig. 1C) .
We measured the dynamics of ERG b-and d-wave dominance transition during dark adaptation. Fig. 2 shows the value of R b=d (b-wave amplitude/d-wave amplitude) at various times of dark adaptation at 4 a.m. and 7 p.m., respectively. The rate of increase for R b=d varied between early morning and late afternoon, occurring slowly in the morning but rapidly in the afternoon. At 4 a.m., for example, it took 53 min for the b-wave to become 10 times greater than the d-wave ðR b=d ¼ 10Þ. At 7 p.m., the time shortened to 34 min.
A circadian clock regulates the process of ERG b-and d-wave dominance transition
To determine whether a circadian clock plays a role on ERG b-and d-wave dominance transition, we recorded ERGs at different times in the subjective day and night using the zebrafish that were kept in LL. The value of R b=d was determined at various times of dark adaptation (Fig. 3) . At 2 min of dark adaptation, the R b=d was similar at different times in the subjective day and night. At subjective 7 a.m. and 7 p.m., for example, the value of R b=d was 1.5 ± 0.8 and 1.7 ± 0.5, respectively. In the late dark adaptation (12 and 24 min), the R b=d fluctu- Time of day (in LL) Fig. 3 . The R b=d determined at different times of dark adaptation in the subjective day and night while the fish were kept in LL. At 2 min of dark adaptation (closed circles), no fluctuations in the R b=d were observed. At 12 (open circles) and 24 min (grey circles), the R b=d fluctuated. In both cases, it was low in the morning and high in the late afternoon. Open bars on the top of the figure indicate the subjective day, and the hatched bar indicates the subjective night. Data represent the means ± SE.
ated. It was low in the night and early morning, but high in the afternoon. After 12 min of dark adaptation, for example, the R b=d was below 2.0 as determined at subjective 7 a.m. It increased throughout midday and early afternoon, and reached the highest value of 5.0 at subjective 7 p.m. Shortly after subjective 7 p.m., the R b=d began to decrease. At subjective 7 a.m. of the second day, the value of R b=d returned to levels similar to those determined at 7 am on the first day of experiment. Similarly, after 24 min of dark adaptation, the R b=d was low in the subjective night and early morning and high in the late afternoon (Fig. 3) .
A reversed LD entrains the circadian rhythms of ERG b-and d-wave dominance transition
To determine whether ambient illumination has an effect on the circadian rhythms of ERG b-and d-wave dominance transitions, we compared the pattern of fluctuation of the R b=d in zebrafish that were previously kept in a normal LD and in zebrafish that were kept a reversed LD (light, 8 p.m.-10 a.m., for 2 weeks). Fig. 4 shows the value of R b=d after 24 min of dark adaptation in control (normal LD) and experimental (reversed LD) groups in LL. In the control group, the R b=d was low in the subjective early morning (7 a.m.) and high in the subjective afternoon (7 p.m.). Shortly after subjective 7 p.m., the R b=d began to decrease. By subjective 7 a.m. on the following day, the R b=d dropped to levels similar to those determined at subjective 7 a.m. in the previous day. In the experimental group, the fluctuation of R b=d persisted, but reversed to being low in the subjective afternoon and high in the morning.
Discussion
In this study, we examined the effect of circadian clocks on ERG b-and d-wave dominance transition in zebrafish. During the course of dark adaptation following light adaptation, ERG undergoes rapid waveform changes, i.e., the b-wave increases and the d-wave decreases. The transition of the dominance between the b-and d-waves occurs rapidly in the afternoon and slowly in the night and early morning. This pattern of timing persists in LL and can be phase-shifted by a reversed LD cycle. We proposed that the transition of ERG b-and d-waves correlates with the transition of rod-cone dominance in visual sensitivity. In a previous study (Ren & Li, 2004) , we demonstrated that during the transition from light to dark adaptation, separate rodor cone-dominant signals can be recorded by ERG in zebrafish. In the early dark adaptation, cone-dominant signals are detected in both the b-and d-waves. In the late dark adaptation, rod signals become dominant, and they are recorded primarily in the b-wave. The d-wave, by contrast, decreases. The decrease of the d-wave in the late dark adaptation is likely due to inhibitions from the rod system (Dong, Qian, McReynolds, Yang, & Liu, 1988) . In frogs, for example, during prolonged dark adaptation, cone-driven ERG responses are suppressed by rod input (Dong et al., 1988; Hood, 1972) . In zebrafish, during dark adaptation, the light thresholds to evoke threshold b-waves (e.g., 10 lV) decrease whereas the light thresholds to evoke threshold d-waves increase (Ren & Li, 2004) . Clearly, there are correlations between the increase of the ERG b-wave and rod dark adaptation, and between the decrease of the d-wave and the loss of cone sensitivity. In the late dark adaptation, when visual sensitivity is dominated by the rod system, the b-wave peaks. At the same time, cone sensitivity is suppressed, and the d-wave diminishes. Thus, by measuring the dynamics of ERG b-and d-waves, the process of rod-cone dominance transition can be assessed.
The major finding of this study is that during dark adaptation an endogenous circadian mechanism is involved in ERG b-and d-wave dominance transition in zebrafish. Since the b-and d-waves reflect differently rod and cone sensitivity at different times of dark adaptation (Ren & Li, 2004) , our finding suggests that the transition for rod-cone dominance may also be regulated by a circadian mechanism. In some species, rod-cone dominance is influenced by illumination conditions (Yang & Wu, 1997) . In others, it is regulated by endogenous circadian clocks (Barlow, Chamberlain, & Lehman, 1988; Fowlkes, Karwoski, & Proenza, 1984; Schaeffel, Rohrer, Lemmer, & Zrenner, 1991 ; Underwood, Siopes, & Barrett, 1988) . It is possible that under the influence of the circadian clocks, zebrafish are able to resume their sensitivity after exposure to unexpected ambient changes, e.g., from light to dark or vice versa. In a 24-h period, zebrafish are most sensitive to light in the late afternoon and least sensitive in the early morning (Li & Dowling, 1998) . In response to illumination changes, e.g., from light to dark adaptation, under the influence of the same circadian mechanism the rod system becomes dominant more readily in the late afternoon than in the early morning. The circadian rhythms of ERG b-and d-wave dominance transition described here may correlate to the circadian rhythms of other visual behaviors, particularly those that are found in the outer retina, e.g., photoreceptor cell disc shedding (Besharse, Spratt, & ReifLehrer, 1988; LaVail, 1976) , retinomotor movement (Dearry & Burnside, 1986; Pierce & Besharse, 1985) , and opsin expression (Korenbrot & Fernald, 1989; Pierce et al., 1993) . In some vertebrates, the assembly of the rod photoreceptor cell outer segment discs starts soon after light onset and continues until the late afternoon (Besharse & Hollyfield, 1979; LaVail, 1976) . During this time, opsin mRNA expression increases (Korenbrot & Fernald, 1989) . Recent evidence for the circadian control of dopamine release and the effect of dopamine on opsin expression may argue in favor of the hypothesis that the rapid occurrence of rod-cone dominance transition in the late afternoon is due to the increase of opsin expression. Dopamine concentrations in the retina are higher in the day than in the night (Doyle, Grace, McIvor, & Menaker, 2002; Ribelayga, Wang, & Mangel, 2002) , and dopamine increases opsin expression by 45% (Alfinito & Townes-Anderson, 2001 ). Direct evidence for the effect of dopamine on rod-cone dominance includes that dopamine mediates rod-cone input to horizontal cells and that dopamine regulates rod signaling transmission in the inner retina. In dark adapted animals, dopamine blocks rod-input but enhances coneinput to horizontal cells (Witkovsky, Stone, & Besharse, 1988; Witkovsky, Stone, & Tranchina, 1989) . In zebrafish, depletion of dopamine in the retina selectively blocks rod signaling transmission in the inner retina. However, this treatment does not affect the cone system function (Li & Dowling, 2000) .
The mechanism that underlies rod and cone signaling transmission in the retina of zebrafish is not fully understood. It has been suggested that in the lower vertebrates, such as fish, visual signals are processed in the retina via mixed bipolar cell pathways (Scholes, 1975; Stell, 1972; Stell, Ishida, & Lightfoot, 1977) . Recent studies have suggested that in some of the teleost species, dominant rod or cone signals may be detected (Malchow & Yazulla, 1986; Ren & Li, 2004; Saeki & Gouras, 1996; Wu, Gao, & Maple, 2000; Yang & Wu, 1997) . More recently, 13 types of retinal bipolar cells including ON, OFF, and ON-OFF cells have been identified in zebrafish (Connaughton & Nelson, 2000) . It is possible that dominant rod or cone signals can be processed by different types of bipolar cells. The circadian oscillators that regulate the process of rod-cone dominance transition are likely located in the outer retina, as their effects can be readily recorded by ERG.
